An efficient magnetic resonance imaging (MRI) contrast agent with high R 2 relaxivity value is achieved by controlling the shape of iron oxide to a rod like morphology with a . The enhanced MRI contrast of nanorods is attributed to higher surface area and anisotropic morphology. The higher surface area induces a stronger magnetic field perturbation over a larger volume more effectively for the outer sphere protons. The shape anisotropy contribution is understood by calculating the local magnetic field of nanorod and spherical nanoparticle under an applied magnetic field (3 Tesla). As compared to spherical geometry, the induced magnetic field of rod is stronger and hence the stronger magnetic field over a large volume leads to higher R 2 relaxivity for nanorods.
Introduction
Magnetic nanoparticles (MNPs) have been established for use in various promising biomedical applications, such as contrast agent in magnetic resonance imaging (MRI), [1] [2] [3] [4] [5] [6] vector in drug delivery [7] [8] [9] and mediator to convert electromagnetic energy to heat. [9] [10] [11] The MNPs based MRI contrast agent, can improve diagnosis in several pathologies. 12, 13 Iron oxide NPs (Fe 3 O 4 ) of several formulations such as Resovist, Combidex and Feridex have been used as T 2 weighted contrast agent to accelerate R 2 relaxivity of protons. 13 However, these commercial contrast agents have relatively low R 2 relaxivity, as they are synthesized in aqueous medium and consequently have poor crystallinity, large size dispersion (standard deviation: σ > 20 %) and a compromised magnetic moment. 14 The R 2 relaxivity enhancement is mainly proportional to saturation magnetization (M S ) value and surface area of MNP. To achieve high-performance i.e. darker contrast or shorter T 2 , several attempts have been made to improve the magnetic moment through control of the size, dopant and surface properties of MNPs. 3, [15] [16] [17] The size of iron oxide NPs is varied precisely (4-14 nm) by controlled crystallization through thermolysis of iron salt in organic surfactants. The magnetization of iron oxide NPs is also tailored by doping various transition metals such as Zn, Ni, Co, and Mn. Since both surface area and M S increases with an increase of the NPs size, a linear relationship is observed between R 2 relaxivity vs. nanoparticle size. as the NPs size increases from 4 nm to 6, 9 and 12 nm, respectively. 18 Despite all these improvements, it is further possible to optimize the magnetic properties, surface area and accordingly the R 2 relaxivity of Fe 3 O 4 nanoparticles by controlling the shape. The shape anisotropy could induce very strong localized magnetic field inhomogeneity, as the induced magnetic field strength is also actively depends on shape of the MNP, due to the so-called demagnetization effect. 19 Although the anisotropic NPs have promising advantages over the spherical shape, but the use of NPs with anisotropic configuration has not been well demonstrated in the literature because their preparation is a challenging task as the surface energy favors the formation of spherical nanoparticles. 20, 21 Our group has been exploring new materials with enhanced MR contrast properties over the last few years. [22] [23] [24] [25] [26] To study the effect of shape on MRI contrast enhancement, we ) as compared to spherical counterpart of similar material volume. 27 The high R 2 relaxivity of octapod shaped NPs is believed to be due to anisotropic shape, which renders a higher surface area than the similar material volume spherical shape.
The increased surface area allows a greater number of hydrogen nuclei of water in proximity.
Therefore, a greater number of neighboring nuclei are disturbed by the dipolar field of the NPs, resulting in faster relaxation. There are also few reports on MRI contrast characteristics of nanorods (NRs) of praramagnetic compounds such as Dy(OH) 3 , Gd(OH) 3 and β-FeOOH. [28] [29] [30] Even though these paramagnetic compounds possess low magnetic moment (< 10 emu/g), due to higher surface area their R 2 relaxivity is found to be comparable to commercial Fe 3 O 4 NPs contrast agents. Furthermore, as compared to spherical NPs, NRs offer longer blood circulation times, stronger interaction with tumors, enhanced retention at tumor sites and improved targeting efficiency, making them excellent candidates as targeting carriers or MRI contrast agents. 31 To the best our knowledge, there is no report on MR contrast properties of Fe 3 O 4 NRs.
Herein, we demonstrate a simple two step reaction strategy for the synthesis of uniform 'colloidal' magnetite nanorods (30-70 nm in length) with very high R 2 relaxivity values. We found that the relaxation coefficient (R 2 ) gradually increases from 312 to 608 s with an increase in the length of NRs; this increase is a consequence of magnetization enhancement as well as sharp increase in the surface area due to anisotropic morphology.
Although the spherical NPs exhibit high magnetization than the NRs of same material volume, but a high relaxivity is realized for NRs. The enhanced MR contrast characteristics for NRs correspond to the larger surface area rendered due to the anisotropic morphology.
Experimental section a. Preparation of β-FeOOH nanorods
Rod-shaped FeOOH nanostructure was prepared by hydrolysis of Further, a decrease of PEI content to 0.1 ml and below transformed the rod-shape morphology of FeOOH to a spindle shaped structure of length above 100 nm. 
c. Preparation of Fe 3 O 4 nanoparticles
Uniform Fe 3 O 4 nanoparticles (σ ≤ 15%) are prepared using our previously published protocol. 32 In a typical synthesis of 6 nm Fe 3 O 4 nanoparticles, a mixture of 5 mM of FeCl 2 and 25 mM of oleylamine (amine to precursor molar ratio 5:1) was heated at 200 ˚C under N 2 atmosphere. The size was controlled with the molar ratio of precursor to amine as 1:3 (9 nm) and 1:7 (4 nm), respectively. To further increase the particle size above 9 nm, a seedmediated growth model was utilized. 33 For example, the smaller nanoparticles of 6 nm were first mixed (in different quantity of 100 mg or 150 mg) with more precursor materials and the mixture was heated as per the above procedure to achieve 12 nm and 16 nm Fe 3 O 4 nanoparticles, respectively.
d. Surface functionalization towards 'colloidal' suspension
To use these samples as MRI contrast agent, as prepared Fe 3 O 4 NRs were subjected to surface modification with polyethyleneimine (using ligand exchange approach as depicted in Fig. S1 ). 100 mg of the as prepared Fe 3 O 4 NRs were dispersed in 10 mL of toluene and mixed with 10 ml of dimethylformamide (DMF) containing 2 ml of PEI. Under N 2 ambience, the mixture was then continuously stirred at 80 °C for 8 h. After the reaction, the final product was subjected to magnetic separation and was washed with ethanol several times to remove uncoordinated PEI molecules. The functionalized nanorods were dispersed in deionized water and taken for phantom MRI imaging. Similar to NRs, the aqueous suspension of the amine coated nanoparticles is also prepared through surface modification with polyethyleneimine (PEI).
e. Characterization Techniques
X-ray diffraction (XRD) spectra were retrieved from Xpert PANAlytic X-ray diffractometer with Cu Kα radiation (λ = 1.54 Å). FTIR spectra were taken on Bruker, Vertex-80 using KBr pellet. The XPS analysis was performed on a Thermo VG Scientific and 105 ms, slice thickness = 2 mm) by a 3T Philips Achieva MR scanner. show photoelectron peaks at 711.9 and 725.5 eV; the characteristic doublet (Fe2p 3/2 and Fe2p 1/2 ) of iron oxide matches very well with the magnetite i.e. Fe 3 O 4 phase as has been reported in literature. 34, 35 In case of FeOOH nanorods, this doublet appears at 711 and 724.2 eV, respectively. In addition, a small characteristic satellite peak of the Fe2p spectrum . FeOOH NRs of different lengths and diameter are produced by using PEI as capping agent (Fig. S2, ESI) . It is found that in the absence of PEI, the prepared sample possesses spindle shape morphology with larger length (150 nm) and diameter (35 nm).
Results and Discussion
However, the addition of proper amount of PEI to the reaction mixture leads to formation of FeOOH NRs of thinner diameter. The average lengths of NRs obtained are 25, 30, 40, 50, 60 and 70 nm (Standard deviation, σ≤ 20 %) for 2 ml, 1.5 ml, 1 ml, 0.5 ml, 0.3 ml and 0.2 ml of PEI, respectively. The effect of PEI amount on shape, length and diameter of FeOOH particles is summarized in Table S1 (ESI). We found that by increasing the PEI concentration from 0.2 to 2 ml, the length and diameter of the FeOOH NRs can be controlled from 70 to 25 nm and 12 to 3 nm, respectively. This control over nanorods length and diameter with the PEI content is due to the adsorption of the protonized PEI on the lateral plane (200) of the nanorods. 36, 37 The NRs produced with 2 ml PEI content (25 nm in length) shows poor crystallinity ( Fig. S3a-b, ESI) . When FeOOH NRs is reduced to Fe 3 O 4 phase by using oleylamine (which is multifunctional: acts as solvent, reducing and capping agent) at 200 °C, shape and size of the nanorods are retained (Fig. 2a-d However, the Fe 3 O 4 sample produced from 25 nm length FeOOH NRs shows irregular shape and size (Fig. S3c-d, ESI) . It could be due to amorphous nature of the initial precursor material (as confirmed from the XRD data) and the reduction process occurs through dissolution and recrystallization of FeOOH NRs. (Fig. S4, ESI) of the as-prepared and PEI-coated Fe 3 O 4 NRs shows prominent weight loss of 9 % and 15 % over the temperature range of 150-450 °C, which could be attributed to the decomposition of the organic molecules attached to the NRs surface. The increase of 6% weight loss after the surface modification of NRs confirms the presence of PEI on the nanorod surface. Further, the positive zeta potential values in the pH range 2-11 ( Fig. 4b ) also supports the presence of the PEI amine groups at the NRs surface.
The PEI modified Fe 3 O 4 NRs are very stable as water colloids for about a month and no aggregation is observed (inset of Fig. 4b ). There is no precipitation in water over a wide pH range (pH adjusted between 2-9 by using HCl or NaOH). Moreover, TEM micrographs show no change in size and shape after the ligand exchange with PEI at a temperature of 80 °C (Fig. S5, ESI) . The hydrodynamic diameters of the PEI functionalized Fe 3 O 4 NRs are measured by dynamic light scattering (DLS: Fig S6a-c, ESI) . The mean hydrodynamic diameters (Table S2 , ESI) are larger than the size obtained from TEM, due to the presence of associated and hydrated long chain PEI layers. 41 Time dependent DLS study shows that the hydrodynamic size of the NRs does not change over a time frame of one week, indicating no aggregation of NRs. 42 Such stable PEI functionalized magnetite NRs suspension is highly desirable for a wide range of biomedical applications, as the PEI coating was found to enhance the nanoparticle uptake into cells and facilitates endosomal escape for the nucleotide delivery. 43 Further, PEI also has potential advantage in facilitating DNA and siRNA delivery. ) are believed to be due to the existence of a surface spin disorder layer, which decreases with the increase of the particle diameter. Interestingly, in comparison to NRs, the M S values of nanoparticles are higher (Fig.   5d ). For example, the M S value for 50 nm NRs is 58 emu/g, while that for same volume NPs (volume of 50 nm NR is nearly equal to that of 16 nm NPs, ESI, Table S4 ) is 83 emu/g.
However, from M (T) curve we have seen Verwey transition (bulk phenomenon) in 50-70 nm length NRs, which suggests the absence of surface oxidized layer. Therefore, we believe the low magnetization might be due to the surface spin canting as well as shape anisotropy of the NRs, which prevent them from magnetizing in directions other than along their easy magnetic axis. 47 For the random orientation of NRs, the projection of the magnetization vectors along the field direction will be smaller than that for a collection of nanoparticles without shape anisotropy effect. 48 For in vitro applications, the cytocompatibility is investigated using Sulphorhodamine-B (SRB) assay to assess whether these magnetite NRs have any deleterious biological properties (Fig. S7, ESI) . , respectively (Fig. 6b) . The increasing trend of R 2 values with the length of nanorods is possibly due to the enhancement of magnetization value as well as surface area (responsible for the field perturbation areas for the outer sphere protons), which was found to increase with increase of the NRs length. Fig. 6d In general, the M s value determines the local magnetic field inhomogeneity and the effective diameter defines the field perturbation area for the outer sphere protons. The field perturbation area is directly related to surface area of nanostructures and in our case NRs possess higher surface area than
NPs of similar solid volume (Table S3 ). For example, the surface area of NRs of length 50 nm is nearly 1.5 times higher than the surface area of NPs of size 16 nm which has the equivalent material volume. Therefore, the NRs are considered to be able to generate a larger area of local field inhomogeneity as compared to NPs under an applied magnetic field. The local magnetic field generated by 9-16 nm NPs and 30-70 nm length NRs are calculated using Comsol Multiphysics Fig. 7 shows the local magnetic field distribution outside the NPs and NRs of equivalent material volume at an applied magnetic field of 3 Tesla (the magnetic field distribution profile for NRs of length 60 and 70 nm are shown in Fig. S8, ESI) . The simulation results show a significant stronger local field inhomogeneity created by the NRs than the NPs. Moreover, from the surface and further away; the field intensity decreases slowly for NRs than the NPs (Fig. 7) , which could be due to an anisotropic shape of the NRs.
In general the magnetic field induced outside a magnetized sphere varies with (1/r 3 ), while in case of a cylinder it varies with (1/r 2 ), where 'r' is the distance away from the surface of the spherical/cylindrical rod object. 49 Thus, the rod shape morphology and higher outer sphere diameter of the NRs renders a strong local magnetic field over a larger volume as compared to NPs, although it possesses lower magnetic moment. As a result, a larger number of water protons experience strong magnetic field over a large volume and rapidly de-phase, consequently higher R 2 value is realized for NRs than of equivalent material volume NPs.
While for spherical NPs, due to small volume of magnetic field variations, the water proton slowly diffuse around the nanoparticles and hence slowly de-phase, consequently smaller R 2 value is observed. A detail of the water proton R 2 relaxation due to NPs and NRs is shown as Scheme 2. Further, with an increase of NRs length, the induced local magnetic field strength outside the NRs also increases (Fig S8, ESI) (this enhancement of local magnetic field strength is due to the increase of both the M S value and the surface area). As a result, with an increase of NRs length from 30 to 70 nm, the R 2 relaxivity value increases linearly from 312
to 608 s -1 mM -1 (Fig 8a) . A similar increasing trend in R 2 relaxivity values is also observed for nanoparticles (Fig 8b) . It is of interest to note that, the highest R 2 value 608 s ). 23, 50 In general the rod shaped morphology offers longer blood circulation times and stronger interaction with tumors in comparison to spherical nanoparticles of equivalent hydrodynamic diameter. 31 Hence, we believe that nanorods with superior T 2 weighted contrast properties can improve the clinical diagnosis sensitivity to a great extent.
Conclusions
In summary, we have successfully demonstrated a facile amine mediated reduction process . This increasing trend of R 2 values with the length of nanorods is due to enhancement of magnetization value as well as outer sphere surface area.
With a given biocompatibility and poor cytotoxicity, these iron oxide rod shaped structures appear to be a promising contrast agent for MRI applications and in future we would like to further investigate in vivo cancer diagnostic studies with such anisotropic functionalized structures. 
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